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Wood may be used in a sawn solid-form such as in construction timber, reconstituted 27 in panel products and paper pulp or re-engineered such as in glulam, plywood or a 28 range of modern wood engineered products [1] . The pressure from society, global 29 economics, climate change and the need for more sustainable raw materials are 30 increasing interest in understanding the sustainability of plantation forestry and 31 improving methods for processing wood [2] . Key issues for tree management revolve 32 around water resources: the impact of trees on water tables, and the impact on trees of 33 the drier summers that are forecast under climate change. Wood drying is a major 34 factor in timber processing because of the high cost and the necessity to minimise 35 distortion and fibre collapse. There still remain many fundamental questions 36 concerning water movement in living trees [3] and water loss and uptake in wood [4] . 37 Magnetic resonance imaging (MRI) offers the opportunity to non-destructively and 38 non-invasively study moisture and moisture transport in wood and in particular living 39 wood. In this paper we look to develop this opportunity through the design and 40 demonstration of an NMR magnet suitable for measurements on living trees in the 41 field. 42 In the green state, wood has a high water content that can be characterized by 1 The gradient plates slide into slots alongside, and are secured to, the magnet pole 133 plates as required. The access space is not reduced by attaching the gradients. Figure  134 1b shows the magnet as built with the gradient plates pulled half way out. 135
The NMR coil is based on a standard solenoidal winding except that it can be opened 136 along its length so that it can be wrapped around the tree. The coil used in this work is 137 14 cm in length and diameter and comprises 20 turns. This is achieved by etching the 138 windings as copper stripes on a large flexible printed circuit board with a long 139 purpose designed edge connector made of PTFE and standard electrical fittings. The 140 coil is manufactured with an integrated copper Faraday shield made from multiple 141 layers of woven-copper cloth spaced from the coil by PTFE spacers mounted on, and 142 running the length of the printed circuit board. The coil is series tuned to 1.1 MHz 143 with a capacitor. A resistor is used to bring the resistance up to 12.5 Ohms and a 144 transformer to convert this to 50 Ohms as we have previously described for other 145 systems [30] . We find this coil tuning arrangement well suited to low frequency, large 146 volume NMR coils. 147 Figure 1c shows the magnet with gradient and radio frequency coils fitted wrapped 148 around a living tree. 149
The radio-frequency electronics comprises a Maran DRX spectrometer (Oxford 150
Instruments, Oxon, UK) and a 1 kW Tomco RF power amplifier (Tomco 151
Technologies, Australia) with a combined weight of 46 kg. We use three in-house 152 design and build gradient amplifiers capable of generating 25 A gradient pulses per 153 channel at 30% duty cycle. These amplifiers are also used to provide continuous first 154 
3
Method 166 NMR images were obtained using a 2D spin-warp sequence [33] . The read gradient 167 was applied along the x-axis (Fig. 1a) before the 180 degree sequence refocusing 168 pulse and after during data acquisition. The phase encode gradient was applied along 169 the z-axis. When used, slice selection was achieved with a soft 90 degree Gaussian 170 excitation pulse and the slice selection gradient was applied along the y-axis, parallel 171 to the (vertical) tree trunk. Typical experimental parameters are given in Table 1 . 172
The magnet was left continuously in-situ around a bird cherry tree for a period of 3 173 months during the summer 2011 and taken to site periodically at other times. The tree 174 was planted in the late 1980s and had a trunk diameter of 90 (±2) mm at the centre of 175 the RF coil 550 (±5) mm above the ground. The crown of the tree was around 2.5 -3 176 m and the height of the tree was 6.1 m. The soil is sandy and well drained. The tree 177 was one of a small plantation of around 20 trees spaced in a square array with spacing 178
The spectrometer was wheeled to site and cross-section images of the tree acquired 180 periodically throughout the summer. Electrical power could have been provided by a 181 portable generator but was, in fact, sourced via a cable from a nearby (25 m) storage 182
shed. 183
The tree and its immediate environs were serviced by a weather station close to the 184 tree and this was backed up by a second nearby weather station. These weather 185 stations are described in Table 2 In much of the following work, integrated intensities across critical regions of images 208 are reported. In order to assess the noise in such images, the phantom sample was 209 measured 3 times during the course of a week. Post-late August, when electrical 210 earthing of the lap-top computer and water cooling pump were improved, the 211 variation in total intensity across the three measurements was better than 1%. Pre-late 212 August, the noise was somewhat worse, with reproducibility closer to ± 3%. Intensity 213 variation of tree images to be discussed is harder to gauge as the tree water content is 214 continuously changing. However, by calculation from the phantom variability, and by 215 inspection of successive tree images in "quiet" periods, we judge that the 216 reproducibility of the tree image daily-maximum integrated-intensity is circa ± 6% in 217 mid August, and better than this in September. 218
4.2
Tree physiology and water distribution 219 Figure 3 shows an exemplar image of the cross section of the tree. The image was 220 recorded with the standard set of parameters (no slice selection) ( Table 1) In the wood, the two component T 2 fits were demonstrably better than the one 251 component fits. The data quality does not warrant an attempted fit with even more 252 components. Using the two component fits, the T 2 values in the heartwood and 253 sapwood regions were estimated and are shown, along with the component amplitudes 254 in Table 3 . Errors were determined from a combination of slightly varying the region 255 of interest (so as to include / exclude marginal pixels) and by repeatedly adding white 256 noise of the same standard deviation as the image background to the data sets. The 257 majority of previous work measuring T 2 in wood has involved softwoods due to their 258 simpler structure. Bird cherry is a hardwood. The T 2 values found using two 259 component exponential fits in this work, show a T 2 of around 2.8 ± 0.2 ms in the 260 heartwood and 2.1 ± 1.1 ms in the sapwood. This T 2 can be assigned to bound water, 261 as in Elder et al. [37] where values of T 2 between 0.75 ms and 3 ms were found. Elder 262 et al. also report a medium component of T 2 between 10 ms and 100 ms for the four 263 hardwood species they investigated. This medium T 2 value was seen in the living tree 264 heartwood with T 2 around 40 ms. This component had lower amplitude than the fast 265 T 2 component in the heartwood and is assigned to the liquid water in the cells of the 266 heartwood. A slow, greater than 100 ms, T 2 component value usually assigned to 267 water in the vessel elements is reported in previous work [18, 37, 38] . This was seen 268 in the sapwood region with a T 2 of around 111 ms. These T 2 values and amplitudes 269 suggest, as expected, that there is more mobile water in the sapwood than the 270 heartwood. It would be expected that the amplitude of the slower relaxing components 271 would be higher than the faster components: however, the opposite was found. 272 molecular diffusion in the magnet inhomogeneity gradient. Taking the diffusion 274 coefficient of free water, D = 2.2 10 -9 m 2 /s, the additional attenuation at the maximum 275 echo time, 256 ms, is 9.4%, at 128 ms it is 1.2% while at all other echo times it is less 276 than 0.2%. Analysis of simulated data, using the actual data acquisition echo times, 277
shows that the resultant error in the longest measured T 2 (111 ms) is less than 4%. 278
Therefore we infer that the inhomogeneity gradient, while affecting the T 2 279 measurement, is not a major source of error. Diffusive attenuation due to the imaging 280 gradients is negligible. 281 282
Daily water cycle 283
The southern UK summer 2011 was characterised by a long, hot and dry spring 284 followed by a warm but wet summer compared to UK averages. 285 st June (minimum of 37% and 36%, respectively) mean that more water can be lost 322 via the leaves and the dry soil means there is limited water to replace the water lost 323 via transpiration. The higher relative humidity on August 10 th / 11 th (minimum 55% 324 and 75% respectively) means that less water is lost through transpiration so the tree 325 retains more water and the magnitude drops at a slower rate. 326 For these three days the ground on the east of the tree was covered with plastic 328 sheeting to keep the roots dry and the ground on the west was watered with 1000 litres 329 of water on the 30 th July and 300 litres on the 31 st July using a sprinkler system in a 330 2x2.6 m 2 area. The plot in Figure 8 (lower) shows the image magnitudes over a twelve 331 hour period on 1 st August. The graph shows greater magnitude in the east side of the 332 tree. This is the opposite side to the wet ground. This increased magnitude in the east 333 side of the tree is also shown in the sap flow plot in Figure 8 . Data for the 1 st -12 -September is also shown. On this day the soil moisture content was comparable either 335 side of the tree and the image magnitude is also equally comparable on either side. 336
The difference in image magnitude between the west and east sides of the tree on the 337 1 st August is confirmed by simple inspection of Figure 9 , from which the data is 338 extracted, compared to Figure 3 . The image shows increased magnitude in the east 339 side of the tree. This increased amount of water in the opposite side of the tree to the 340 watered ground suggests that the flow in the tree is moving in a spiral pattern -so 341 called "grain rotation" that is thought to aid uniform distribution of water resources 342 within the tree [39] . To check this observation we removed a bark strip close to the 343 NMR measurement height and measured the grain angle: 14 (±1. September. The ratio of minimum to maximum magnitude on 15 th August is 60% 357 whereas on 13 th September it is 90%. This is due to the reduced number of leaves and 358 change in colour of the leaves on the tree, shown in Figure 10 , in September leading 359 to a lower transpiration rate (sap flow is an average of 340 g/hr compared to 1120 g/hr 360 on 15 th August) and less water being lost via the leaves. In September the tree appears 361 to be just a reservoir of water, it is as wet as in the summer but with much less flow. 362 363
5
Overall discussion, outlook and conclusion 364
We have successfully demonstrated an open access, transportable, 1.1 MHz 1 H 365 nuclear magnetic resonance magnet for the in-situ analysis of living trees. The system 366 has been used to make images across the stem of a small bird cherry tree over a 3 367 month period during the 2011 summer. The system showed clearly the water 368 distribution across the stem with large contrasts in image intensity between the higher 369 moisture content sapwood and the lower moisture content heartwood and bark. The 370 system is able to identify the distribution of water in different wood structural 371 environments by changing the echo time (2τ) so that water in the cell lumen and water 372 in the cell wall can be separately identified. 373
The system was able to run continuously and record images approximately every 34 374 minutes. This allowed diurnal and seasonal changes in the water profile across the tree 375 to be visualised. The image intensity was shown to be strongly correlated to 376 meteorological conditions and in particular RH, soil moisture and solar radiation. The image from the "Tree Hugger" had clear differences around the sapwood area and 383
illustrates that the water has followed the spiral grain of the tree so that the water had 384 rotated about 180 degrees by the time it was measured at 550 mm above the ground. 385
Notwithstanding the forgoing previous interpretation, the data in Figures 6 and 10  386 pose an interesting question. The tree moisture content as measured by MRI tends to 387 have an overall daily maximum in the middle of the day, just when transpiration 388 might be expected to be greatest and hence when water reserves are being most 389 rapidly consumed. The only full 24 hour cycle data we have suggests that there is a 390 corresponding overall minimum in the early, pre-dawn hours. While we may 391 speculate that there is a complex interplay between the rates of charging and 392 discharging of water within the trunk from the roots and leaves respectively we have 393 as yet been unable to fully interpret the result. We seek to explore it further in a future 394 growing-season, perhaps by measurements at different heights along the trunk. 395 provide an improved understanding of tree physiology and in particular the movement 399 of water through changes in image magnitude on perhaps an hourly basis in living 400 trees. Some particular areas of use could be as follows: 401
• It can provide a much more accurate integration of water across the whole tree 402 stem than the use of individual sap flow sensors. In addition it avoids the problems of 403 wound response associated with sap flow sensors that have to be inserted into the tree 404 [ 
40] 405
• The system can be left in situ for long periods allowing detailed monitoring of 406 diurnal and seasonal changes in water content that would augment current 407 assessments of total water usage of trees. 408
• Differential water content across the stem can be monitored and therefore the 409 impacts of rooting restrictions such as ditches, pavements, roads, etc. could be 410 evaluated. 411
•
The "Tree Hugger" should be ideal for monitoring rewetting in mature trees 412 following a severe drought. MRI has previously been used to study refilling of cells 413 after cavitation. However, these studies have been confined to e.g. saplings and roots 414 using small magnets and coils [41, 34] . The "Tree Hugger" offers the opportunity to 415 make these measurements non-invasively on more mature trees, which has been a 416 criticism of previous measurements and other methods and has led to a great deal of 417 debate within the tree physiology community [42] 418
The system is potentially able to monitor heartwood development as the 419 boundary between the heartwood and sapwood moves outwards in the autumn and the 420 transition zone dries out. It may also be able to identify fungal ingress into trees as the 421 fungus modifies the cell wall structure. At present such fungal movement can only be 422 determined by destructive sampling of the tree. 423
The "Tree Hugger" is a new non-invasive system for investigating structure and water 424 content in mature trees and wood. The key advantage of the current system with 425 regard to previous MR systems used for this purpose is size: the "Tree Hugger" can 426 image trunks of the order of 100 mm in diameter. Intensity, (arb. units)
